Transposon TnS insertions causing anaerobic cysteine auxotrophy were isolated from a Salmonella typhimurium cysl parent (auxotrophic under aerobic but not anaerobic conditions). Insertions in one mutant group appeared to be in cysG. A second group of insertions, designated asr (anaerobic sulfite reduction), were located near map unit 53 on the S. typhimurium chromosome. They did not cause aerobic or anaerobic auxotrophy in a cysl+ background but did prevent dissimilatory sulfite reduction. Plasmids containing asr DNA cloned from wild-type S. typhimurium conferred anaerobic prototrophy and the ability to produce hydrogen sulfide from sulfite on an Escherichia coli cysI mutant.
Sulfate utilization by Salmonella typhimurium and Escherichia coli requires the participation of an NADPH-linked sulfite reductase, which catalyzes a six-electron transfer reaction converting sulfite to sulfide (for a review, see reference 13). The enzyme is composed of two subunits, a hemoprotein and a flavoprotein, that are encoded by the genes cysI and cysJ, respectively (21) . The hemoprotein subunit contains a novel heme group, called siroheme, in its catalytic center. Siroheme is also present in nitrite reductase, an anaerobically expressed enzyme that catalyzes the six-electron transfer reduction of nitrite to ammonia (6) (7) (8) . The cysG gene, in which mutations lead to defective nitrite and biosynthetic sulfite reduction, is essential for siroheme biosynthesis (12) . Mutations in cysI, cysJ, and cysG all lead to cysteine auxotrophy. However, in S. typhimurium, but not E. coli, anaerobiosis suppresses the auxotrophy of cysI or cysJ mutants (2) . Salmonella species, but not E. coli, are known to reduce sulfite to hydrogen sulfide (5, 19) . This reduction appears to be dissimilatory rather than assimilatory, because it is negatively regulated by the availability of the electron acceptors oxygen and nitrate rather than by the availability of cysteine (5, 11) . We have hypothesized that the dissimilatory sulfite reductase activity may be the explanation for the cysI and cysJ mutant anaerobic prototrophy. To test this hypothesis and to obtain an understanding of anaerobic sulfite reduction by cysI and cysJ mutants, we isolated and characterized mutants defective in this activity and cloned a gene locus essential for it.
The bacterial strains used in this study are listed in achieved by incubation in the Gaspak jars (BBL Microbiology Systems).
Isolation and characterization of mutants defective in anaerobic sulfite reduction. On bismuth sulfite agar (Difco Laboratories), which detects hydrogen sulfide production from sulfite, Salmonella species form black, shiny colonies surrounded by a zone of browning. E. coli, in contrast, forms dark green colonies without any browning. S. typhimurium cysG mutants formed white colonies, whereas cysI and cysJ mutants resembled the wild type. It is known that cysG, but not cysI and cysJ, is required for this activity (2, 5) . If this activity were responsible for the anaerobic prototrophy of cysI and cysJ mutants of S. typhimurium, then isolation of light-colored or green colonies on bismuth sulfite agar should yield mutants that are defective in biosynthetic anaerobic sulfite reduction.
For TnS mutagenesis, P22 HT105/int-201 phage lysate was prepared on S. typhimurium TL243 and used to transduce the strain EB218 (cysI deletion mutant) to kanamycin resistance. The transductants were plated onto bismuth sulfite agar supplemented with 50 ,ug of kanamycin ml-'. Strain TL243 carries an E. coli F' plasmid that contains no region of homology with S. typhimurium chromosomal DNA. In all transductions, we used the high-freguency generalized transducing bacteriophage P22 HT105/int-201, kindly provided by Stanley Artz. High-titer phage lysates were prepared and transductions were performed as described previously (9) . Eleven white colonies were isolated among 10,000 colonies screened. They were purified on green indicator plates (14) . The 16 ,000 x g for 20 min, and the clear supernatant was used immediately for the enzyme assay as previously described (11) . Protein was determined by the Bradford method (3). All mutants exhibited sulfite reductase activities less than 8% of the activity of the cysI parent. The fact that all mutants had detectable activity even though they contained TnS insertions may reflect a high assay background due to sulfide formation by other mechanisms. An noted previously (11), even mutants defective in siroheme, which is essential for sulfite reduction, exhibit low levels of apparent sulfite reductase activity in this assay.
To verify that each mutant contained just a single TnS insertion and that this insertion was responsible for loss of sulfite reduction, the parental strain EB218 was transduced to kanamycin resistance with P22 phage lysate grown on each TnS mutant, and the kanamycin-resistant transductants were scored for anaerobic growth with sulfite as the sulfur source. In all cases, there was 100% linkage between Kanr conferred by TnS and inability to assimilate sulfite, indicating that each mutant contained just one chromosomal Tn5 insertion that caused loss of anaerobic sulfite reduction.
Abortive transductions as described by Ozeki (18) were performed among all of the TnS insertion mutants. Two complementation groups were revealed. Group I consisted of three strains (EB300 through 302). Group II consisted of eight strains (EB303 through 311). cysI+ derivatives of group I isolates, obtained by moving the insertions to wild-type strain LT2, resembled cysG mutants in several respects: (i) they were auxotrophic for cysteine both aerobically and anaerobically; (ii) they formed white colonies on bismuth sulfite plates; (iii) they failed to reduce nitrite as defined by the ability of standing overnight cultures to remove at least 500 nmol of nitrite (15) from 2 ml of nutrient broth (Difco) containing 1 mM NaNO2; (iv) the mutations were 50% cotransduced with aroB, which is known to be linked to cysG (20) ; and (v) phage grown on them produced Cys+ transductants at a very low frequency when cysG mutants EB232 and EB280 were recipients but at a high frequency when cysI mutant EB218 was used as the recipient. Thus, we concluded that the insertions in the group I mutants were in the cysG locus, and we did not study them further.
The cysI+ derivatives of group II mutants resembled the group I mutants only in the inability to produce hydrogen sulfide in-the iron-sulfite medium of Clark and Barrett (5).
They formed green colonies on bismuth sulfite agar and were prototrophs under both aerobic and anaerobic growth conditions, indicating that the locus affected is required for dissimilatory sulfite reduction but is not essential for biosynthetic sulfite reduction. All group II mutants retained the ability to reduce nitrite, indicating that insertions were not in a gene essential for nitrite reduction. Furthermore, mapping experiments showed that the mutation locus was not linked to any known cys genes on either the S. typhimurium (20) or E. coli (1) map. The insertion in EB303 was 32% cotransducible with a TnlO near pepB (TN858) at 53.4 map units and 2% cotransducible with purG: :TnJO (TT315) at 54 map units. We selected the designation asr (anaerobic sulfite reductase) for this locus. Interestingly, this site is on a segment of the S. typhimurium chromosome that is significantly larger than the homologous region in E. coli (1, 20) . Cloning of the genes defective in asr::TnS mutants. The genomic library kindly provided by Monroe and Kredich was screened (17) for plasmids complementing the mutation in the strain EB303 on anaerobically incubated MS plates containing 25 ,ug of ampicillin ml-'. To distinguish the clones containing cysJI from clones containing asr, all positive clones were checked for aerobic prototrophy. Among 30 clones positive for growth on MS plates under anaerobic conditions, 15 clones contained plasmids that were able to confer anaerobic but not aerobic prototrophy. Restriction analysis demonstrated that only five different plasmids were represented by these 15 clones, and examination of the restriction maps revealed a 3.7-kilobase region common to all five plasmids (data not shown).
To verify whether the presumed asr clones actually con- (10) . If the transposon TnS insertion is in a given chromosomal restriction fragment, the size of the fragment will be increased by the size of Tn5. Southern blotting analysis (Fig. 1) clearly showed that the TnS insertion in strain EB303 was in the 1.8-kilobase PvuI-PvuI fragment.
Since BamHI cuts TnS approximately in the middle (4) , the fact that a 3.9-kilobase PvuI-BamHI fragment was generated when the TnS-carrying 7.6-kilobase PvuI-PvuI fragment was cut with BamHI places TnS insertion around the SmaI site (Fig. 1) . Furthermore, the asr-carrying plasmids that complemented EB303 complemented all group II mutants. Expression of asr genes in E. coli. Expression of the asr-carrying plasmids was also examined in the strain JM246, and E. coli cysl mutant. The plasmids conferred anaerobic but not aerobic prototrophy as well as the ability to produce hydrogen sulfide from sulfite in iron-sulfite medium and on bismuth sulfite agar. Moreover, nitrate in the MS medium caused reversion to anaerobic cysteine auxotrophy, as it does in S. typhimurium cysI asr+ strains.
These results are consistent with the hypothesis that the previously observed anaerobic prototrophy of cysI mutants of S. typhimurium is associated with the activity of a dissimilatory sulfite reductase responsible for the anaerobic production of hydrogen sulfide from sulfite. The expression of sulfite reduction in E. coli suggests that the asr-carrying plasmids contain either structural genes for the anaerobic sulfite reductase or other genes essential for anaerobic sulfite reduction that are, at least in part, missing in E. coli.
